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1
LOAD SENSING ON A BEARING

CROSS-REFERENCE

This application is the U.S. national stage of International
Application No. PCT/EP2010/003405 filed on Jun. 7, 2010.

FIELD OF THE INVENTION

The invention relates to a machine comprising a rolling
element bearing, a sensor system and a load determining
system for determining a mechanical load on the rolling
element bearing. The invention also relates to a load deter-
mining system for use in such a machine, to software for
implementing such a load determining system, and to a
method of determining a mechanical load on a rolling
element bearing.

BACKGROUND OF THE INVENTION

Load sensing technology is a technology to determine a
load carried by a certain structure or a machine, or by a
component thereof. The structure, machine or component is
then provided with one or more load sensors. For example,
the machine is an automobile and the individual loads on
individual ones of the wheels are determined via the wheel
hubs. The information about the loads is used to electroni-
cally control, e.g., the amount of power supplied to each
driven wheel individually, or the amount of braking applied
to each individual wheel, or to adjust the suspension system
for each wheel individually, in order to improve the vehi-
cle’s road handling. [.oad sensing technology is also used in,
e.g., payload weight measurements on machines such as
trucks for bulk transport, warehouse trolleys, household
washing machines, conveyor belts, elevators, cranes and
hoisting equipment, etc. Load sensing technology is also
used in condition monitoring or operational control of
machines such as, e.g., wind turbines, industrial equipment,
marine propulsion systems, aeronautic propulsion systems,
etc.

A specific branch of load sensing technology relates to
physically integrating the one or more load sensors with a
rolling-element bearing. The load on the rolling element
bearing causes an elastic deformation of the rolling element
bearing. The deformation is sensed by one or more strain
sensors accommodated at the rolling element bearing. The
load is determined from the elastic deformation as sensed.

U.S. Pat. No. 7,444,888, issued to Hendrik Anne Mol and
Gerrit Cornelis van Nijen, and incorporated herein by ref-
erence, discloses a method and sensor arrangement for
determining a contact force vector acting on a rolling
element bearing in operation. As known, a rolling element
bearing comprises an inner ring, an outer ring and a plurality
of rolling elements accommodated between the inner ring
and the outer ring. Examples of rolling elements are balls,
cylindrical rollers, needle rollers, and tapered rollers. Sensor
signals are received from a plurality of sensors measuring
performance characteristics of the rolling element bearing.
The received sensor signals are processed to determine the
contact force vector. The plurality of sensors are arranged to
measure a bearing component deformation, and the step of
processing comprises the step of determining the contact
force vector using an inverse transformation of a finite
element analysis model which describes the rolling element
bearing. The finite element analysis model is simplified
using at least one generalized-mode shape, the at least one
generalized-mode shape being a mathematical description of
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anatural or elementary mode deformation of a component of
the rolling element bearing, such as the inner ring or the
outer ring.

The technology disclosed in U.S. Pat. No. 7,444,888 is
based on measuring a deformation of the inner ring and/or
of the outer ring of the rolling element bearing. The defor-
mation is brought about by the rolling contacts between the
rolling elements on the one hand, and the inner ring and/or
outer ring on the other hand, while the rolling element
bearing is being subjected to a load. The deformation is
measured while the inner ring and the outer ring of the
rolling element bearing are moving relative to each other.
Each specific one of the sensors supplies a specific sensor
signal indicative of the local deformation of the inner ring or
of the outer ring at the location of the specific sensor. The
local deformation changes dynamically as a result of the
repetitive passing of rolling contact forces (also referred to
as “Hertzian contact forces”).

The repetitive passing of the rolling contact forces is
characterized by the ball-pass frequency. The expression
“ball-pass frequency” refers to the number of rolling ele-
ments that pass the location of the sensor per unit of time.
The specific sensor signal reflects this repetitive character.
The amplitude of the specific sensor signal is considered
proportional to the load on the rolling element bearing.
Measuring the amplitude gives therefore information about
the load on the rolling element bearing. For more back-
ground information see, e.g., SKF Ball Bearing Journal Vol.
225, 1985, pp 19-24 or SKF Ball Bearing Journal Vol. 240,
1992, pp 2-9.

U.S. Pat. No. 7,389,701, issued to Hendrik Anne Mol and
incorporated herein by reference, discloses a method and
sensor arrangement for determining a load vector acting on
a rolling element bearing in operation. The expression “load
vector” refers to the complete load vector: three orthogonal
force components and two moments. The rolling element
bearing comprises an inner ring, an outer ring and multiple
rolling elements that are accommodated between the inner
ring and the outer ring. A plurality of N sensors are provided,
which measure displacement and/or strain for determining
displacement and/or strain in, e.g., the inner ring or the outer
ring. Furthermore, a mode-shape coeflicients calculator is
provided, connected to the plurality of N sensors, for deter-
mining a deformation of the inner ring or the outer ring by
calculating amplitude and phase of N/2 Fourier terms rep-
resenting at least one radial mode shape of the inner ring or
the outer ring.

The technology disclosed in U.S. Pat. No. 7,389,701
considers the rolling element bearing as a physical object
that deforms elastically under load. The deformation is
approximated by a linear combination of generalized mode
shapes. According to component mode synthesis (CMS), the
generalized mode shapes can be described according to the
approach discussed in J. A. Wensing, “On the dynamics of
ball bearings”, PhD thesis, Univ. Twente, The Netherlands,
December 1998, ISBN 90-36512298. Each respective one of
the generalized mode shapes has a respective amplitude and
a respective phase that are determined from the sensor
signals. A data processor, a neural network or another type
of associative memory, receives an input representative of
the amplitudes and the phases as determined from the sensor
signals, and supplies an output representative of the current
load.

Accordingly, U.S. Pat. No. 7,444,888, SKF Ball Bearing
Journal Vol. 225, 1985, pp 19-24, or SKF Ball Bearing
Journal Vol. 240, 1992, pp 2-9, teach that the mechanical
load on a rolling element bearing can be determined from the
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amplitude of a sensor signal that is indicative of the repeti-
tive local deformation of the inner ring or the outer ring as
a result of the rolling contacts (Hertzian contacts). The
repetitive local deformation is brought about by a rolling
element that is passing the location where the local defor-
mation is being measured.

In practice, however, the amplitude of the sensor signal is
somewhat different per different one of the passing rolling
elements. A reason for this is the following. Consider the
very high value of the hardness of the inner ring or of the
outer ring in the region where they are in physical contact
with the rolling elements (e.g., 100 N/u indicating that a
force of 100 N is required to create a deformation of 1), and
also consider the miniscule spread in diameter of the rolling
elements (accuracy in the order of, e.g., Sy for a ball in a
typical mass-produced ball-bearing). Accordingly, the
amplitude of the sensor signal representative of the passing
of a rolling element may vary by 10% among the rolling
elements although the load on the rolling element bearing
remains the same.

The accuracy of the magnitude of the mechanical load, as
determined by the approach discussed in, e.g., U.S. Pat. No.
7,444,888, SKF Ball Bearing Journal Vol. 225, 1985, pp
19-24 or SKF Ball Bearing Journal Vol. 240, 1992, pp 2-9,
can be improved by considering the amplitudes during a
larger number of revolutions of the rolling element bearing
in order to average out the fluctuations that are not caused by
the load externally applied on the rolling element bearing.
This averaging is implemented by means of, e.g., removing
the DC-component from the sensor signal in order to pro-
duce a waveform, rectifying the waveform and then apply-
ing a low-pass filter to the rectified waveform so as to
equalize the amplitudes to a mean value. The cut-off fre-
quency of the low-pass filter is chosen so as to have each one
of the rolling elements passing at least once the location of
the deformation sensor within the characteristic time-con-
stant of the low-pass filter. That is, the characteristic time-
constant is made dependent on the speed of revolution, at
which the inner ring and the outer ring of the rolling element
bearing are rotating with respect to each other. For example,
in a rolling element bearing whose inner ring is rotating at,
say, 4 revolutions per second with respect to the outer ring,
each of the rolling elements is completing its circuit around
the inner ring at half that speed, i.e., every half second. The
cut-off frequency of the low-pass filter is then chosen in the
order of 1 Hz, so as to average over about two complete laps
around the circuit. If the cut-off frequency is set to %2 Hz, the
averaging is performed over about four complete laps.

Accordingly, the cut-off frequency of the low-pass filter is
tuned under control of the speed of rotation of the inner ring
relative to the outer ring so as to be able to achieve an
accurate representative of the mechanical load on the rolling
element bearing.

The accuracy of the load, as determined by considering
the repetitive local deformations driven by the passing of the
rolling elements, implies that variations in the actual
mechanical load on the rolling element bearing with fre-
quencies higher than the cut-off frequency are not accounted
for, as these have been attenuated by the low-pass filter. For
example, the suspension system of a wheeled vehicle has an
eigen-frequency in the range of 2 Hz-7 Hz in order to
effectively manage the typical, varying forces transmitted
from the road surface to the chassis of the traveling vehicle.
In above example of the 1 Hz cut-off frequency, these
dynamically varying contributions to the mechanical load
are not taken into account. The load determined by averag-
ing the repetitive deformations, driven by the passing of the
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rolling elements, is therefore referred to in the remainder of
this text as “the average contribution” to the mechanical
load. The relevant contribution to the mechanical load,
which is characterized by frequencies higher than the cut-off
frequency of above low-pass filter, is referred to in this text
as “the dynamic contribution”.

In order to determine the dynamic contribution, the
approach can be used of, e.g., U.S. Pat. No. 7,389,701,
discussed above. That is, the dynamic contribution is deter-
mined by considering the one or more signal components of
the global deformation of the rolling element bearing that
have a timescale associated with frequencies higher than the
cut-off frequency of the low-pass filter discussed above.

In order to determine the dynamic contribution, the sensor
signals considered in determining the global deformation
need to be filtered so as to remove the signal components
that have already been taken into account in the determining
of'the average contribution. Accordingly, a high-pass filter is
needed with a cut-off frequency that, for all practical pur-
poses, equals the cut-off frequency of the low-pass filter
used in the determining of the average contribution. This
ensures that the average contribution to the load and the
dynamic contribution to the load, in a frequency range which
contains the common cut-off frequency, can be summed
without introducing severe errors as a result of duplicating
or omitting contributions falling within this frequency range.
The high-pass filtering also removes the contributions to a
global deformation of the rolling element bearing that are
driven by thermal effects, such as caused by friction, as
thermal effects have a characteristic timescale of many
seconds. Also, the sensor signals considered in determining
the global deformation need to be filtered so as to remove the
signal components with frequencies in the order of the
ball-pass frequency and above. Accordingly, a further low-
pass filter is applied that has a cut-off frequency higher than
the cut-off frequency of the high-pass filter but lower than
the ball-pass frequency, in order to remove the latter signal
components. The cut-off frequency of the further low-pass
filter is taken as, e.g., 10 Hz in above example relating to the
suspension system of the wheeled vehicle. The local elastic
deformations occurring at the ball-pass frequency as a result
of the passing of the rolling elements are considered a
disturbance superimposed on the global elastic deformation.
In above example, the global deformation is calculated using
the deformation components in the frequency range between
1 Hz and 10 Hz. The local deformation caused by the
passing of the rolling elements is picked-up via the carrier
frequency (i.e., the ball-pass frequency) and demodulated
with a bandwidth of 1 Hz. The system designer now has to
find an acceptable compromise between the desired filter
properties and the desired error rejection rate. The sharper a
filter is, the more ringing is found. As known, removing the
high-frequency components from a signal causes undesired
oscillations (“ringing”) in the time-domain as a result of the
ripples in the sinc-function being the time domain response
of a perfect low-pass filter to a step function. A compromise
is, for example, to use a second-order or a fourth-order
Butterworth filter. One could also use an approach disclosed
in U.S. Pat. No. 5,698,788 issued to Hendrik Anne Mol and
Cornelis van Nijen, and assigned to SKF. U.S. Pat. No.
5,698,788 discloses a method for analyzing regularly recur-
ring mechanical vibrations. The method comprises the steps
of plotting an amplitude/time spectrum associated with the
vibrations, dividing the amplitude/time spectrum into time
intervals shorter than the shortest time lapse between two
consecutive excitations, subjecting those parts of the ampli-
tude/time spectrum defined by each time interval to a
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Fourier transformation in order to obtain an amplitude/
vibration-frequency interval spectrum associated with each
time interval, and subjecting those amplitudes in each ampli-
tude/vibration frequency interval spectrum associated with
certain vibration frequencies to a Fourier transformation in
order to obtain an excitation-frequency spectrum associated
with the respective vibration frequency. Effectively, the
high-pass filter and the further low-pass filter form a band-
pass filter.

The idea is therefore the following. The DC-component is
removed from the one or more sensor signals used for
determining the average contribution to the load, using as
input the amplitude of the local deformation driven by the
rolling contact forces. The remaining AC-components are
rectified and then averaged in a low-pass filter before being
further processed to determine the average contribution to
the load. The sensor signals, used for determining the
dynamic contribution to the load using the global deforma-
tion, are subjected to a band-pass filter before being further
processed. The cut-off frequency of the low-pass filter and
the lower one of the cut-off frequencies of the band-pass
filter are set to be substantially equal. The cut-off frequen-
cies of the low-pass filter and of the band-pass filter are
controlled in dependence on the speed of revolution of the
inner ring and the outer ring of the rolling element bearing
relative to one another. The load is then determined as the
sum of the average contribution and the dynamic contribu-
tion.

SUMMARY OF THE INVENTION

More specifically, the invention relates to a machine
comprising a rolling element bearing, a sensor system and a
load determining system. The rolling element bearing com-
prises an inner ring, an outer ring and a plurality of rolling
elements accommodated between the inner ring and the
outer ring. The sensor system is configured for sensing a
local deformation of at least a particular one of the inner ring
and the outer ring at at least a specific location on the
particular one of the inner ring and the outer ring, and for
supplying a sensor output representative of the sensing. The
load determining system is configured for receiving the
sensor output from the sensor system, and for determining a
mechanical load on the rolling element bearing in depen-
dence on the sensor output, when the inner ring and the outer
ring are coaxially rotating relative to one another. The load
determining system comprises a first signal processing path,
a second signal processing path and a combiner. The first
signal processing path is configured for processing the
sensor output for determining an average contribution to the
mechanical load. The second signal processing path is
configured for processing the sensor output for determining
a dynamic contribution to the mechanical load. The com-
biner is configured for linearly combining the average
contribution and the dynamic contribution. The first signal
processing path is configured for low-pass filtering the
sensor output with a first cut-off frequency; and for process-
ing the low-pass filtered sensor output as representative of
the local deformation induced by a passing of the rolling
elements past the specific location so as to determine the
average contribution indicative of a low-frequency variation
in the local deformation. The second signal processing path
is configured for band-pass filtering the sensor output with
a second cut-off frequency, substantially equal to the first
cut-off frequency, and with a third cut-off frequency higher
than the second cut-off frequency. The second signal pro-
cessing path is also configured for processing the band-pass
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filtered sensor output as representative of a global deforma-
tion of the rolling element bearing indicative of the dynamic
contribution. The first cut-off frequency, the second cut-off
frequency and the third cut-off frequency are substantially
lower than the ball-pass frequency.

The first signal processing path processes the sensor
output as representative of the local deformations induced
by the passing of the rolling elements for determining an
average contribution to the mechanical load. The signal
processing in the first signal processing path is based on,
e.g., the approach discussed in U.S. Pat. No. 7,444,888
discussed above, or SKF Ball Bearing Journal Vol. 225,
1985, pp 19-24 or SKF Ball Bearing Journal Vol. 240, 1992,
pp 2-9, both referred to above. The second signal processing
path processes the sensor output as representative of the
global deformation of the rolling element bearing, i.e., of the
global deformation of the particular one of the inner ring and
the outer ring, for determining a dynamic contribution to the
mechanical load. The processing in the second signal pro-
cessing path is based on the approach discussed in, e.g., U.S.
Pat. No. 7,389,701 discussed above, or J. A. Wensing, “On
the dynamics of ball bearings™, PhD thesis, Univ. Twente,
The Netherlands, December 1998, ISBN 90-36512298,
referred to above. The total force or the total mechanical
load on the rolling element bearing is then determined by
summing the average contribution and the dynamic contri-
bution.

The sensor system may comprise a first sensor and a
second sensor, different from the first sensor. The sensor
output may then comprise a first sensor signal supplied by
the first sensor and a second sensor signal supplied by the
second sensor. In an embodiment, the first sensor signal is
then supplied to the first signal processing path but not to the
second signal processing path, whereas the second sensor
signal is supplied to the second signal processing path but
not to the first signal processing path. The configuration of
the first sensor and/or its position with respect to the rolling
element bearing may then be optimized for sensing the local
deformation stemming from the rolling-contact forces. The
configuration of the second sensor and/or its position with
respect to the rolling element bearing may then be optimized
for sensing the global deformation of the rolling element
bearing.

In an embodiment of the machine, the first sensor signal
and the second sensor signal are identical, e.g., supplied by
one and the same sensor at the same moment. The sensor
signal is then supplied both to the first signal processing path
for determining the average contribution and to the second
signal processing path for determining the dynamic contri-
bution to the load.

In a further embodiment of the machine, the load deter-
mining system has an input for receiving a speed signal
representative of a ball-pass frequency of the rolling element
bearing in operational use of the machine. The load deter-
mining system controls the first cut-off frequency, the sec-
ond cut-off frequency and the third high cut-off frequency in
dependence on the ball-pass frequency.

This further embodiment is relevant in case the speed, at
which the inner ring and the outer ring of the rolling element
bearing are rotating relative to each other, varies during
operational use of the machine. The average contribution to
the mechanical load on the basis of the repetitive local
deformations may then need to average out the sensor output
by considering the amplitudes of the absolute values of the
local deformations over multiple completed laps of each
rolling element around the stationary one of the inner ring
and the outer ring of the rolling element bearing. The
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timescale over which the averaging is performed, and there-
fore the first cut-off frequency, is then made dependent on
the ball-pass frequency, i.e., on the relative speed of revo-
Iution. The second cut-off frequency is substantially equal to
the first cut-of frequency and is, therefore, also made depen-
dent on the ball-pass frequency. The third cut-off frequency
is to be set well below the ball-pass frequency and is,
therefore, also made dependent on the ball-pass frequency.

The load determining system can be implemented in a
variety of manners, e.g., in its entirety in hardware, or in
software on a general-purpose computer, or as a combina-
tion thereof. Above embodiments cover the commercial
exploitation of a machine having a rolling element bearing,
a sensor system and being equipped with a load determining
system.

The invention can also be commercially exploited as a
load determining system for determining a mechanical load
on a rolling element bearing, the load determining system
being configured for use with a rolling element bearing and
a sensor system. As different types of rolling element
bearing deform differently under a same mechanical load
and as different types of deformation sensors are available to
sense the deformation of the rolling element bearing, the
load determining system can be supplied as a generic
building block that is programmable in the field to function
with different types of rolling element bearings and with
different types of sensor systems. Alternatively, the load
determining system is configured for use with a specific type
of rolling element bearing and/or a specific type of sensors.

The invention can also be commercially exploited as a
combination of a load determining system and a sensor
system, for use with a rolling element bearing. The load
determining system is then configured for use with the
specific sensor system of the combination.

The invention can also be commercially exploited as a
combination of a rolling element bearing and a load deter-
mining system as specified above. In this case, the load
determining system is supplied as a dedicated component
specifically configured for use with the rolling element
bearing of the combination and, as an option, being pro-
grammable for use with different sensor systems.

The invention can also be commercially exploited as a
combination of a rolling element bearing, a load determining
system and a sensor system. This combination is relevant,
for example, in case the sensor system is physically inte-
grated with the rolling element bearing. The combination is
then commercially exploited as an entity wherein, e.g., the
load determining system and the sensor system have been
optimized for use with one another and with the rolling
element bearing in the combination.

The invention further relates to software on a computer-
readable medium, the software being configured for execu-
tion on a computer for implementing a load determining
system. The load determining system is configured for
determining a mechanical load on a rolling element bearing,
which has an inner ring, an outer ring and a plurality of
rolling elements accommodated between the inner ring and
the outer ring. The mechanical load is determined when the
inner ring and the outer ring are coaxially rotating relative to
one another. The load determining system is operative to
determine the mechanical load under control of a sensor
system, configured for sensing a local deformation of at least
a particular one of an inner ring and the outer ring at at least
a specific location on the particular one of the inner ring and
the outer ring and for supplying a sensor output represen-
tative of the sensing. The software comprises first instruc-
tions for implementing a first signal path configured for
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processing the sensor output for determining an average
contribution to the mechanical load; second instructions for
implementing a second signal path configured for processing
the sensor output for determining a dynamic contribution to
the mechanical load; and third instructions for implementing
a combiner for linearly combining the average contribution
and the dynamic contribution. The first instructions com-
prise fourth instructions for implementing a low-pass filter-
ing of the sensor output with a first cut-off frequency; and
fifth instructions for implementing a processing of the
low-pass filtered sensor output as representative of the local
deformation induced by a passing of the rolling elements
past the specific location so as to determine the average
contribution indicative of a low-frequency variation in the
local deformation. The second instructions comprise sixth
instructions for implementing a band-pass filtering of the
sensor output with a second cut-off frequency, substantially
equal to the first cut-off frequency, and with a third cut-off
frequency higher than the second cut-off frequency; and
seventh instructions for implementing a processing of the
band-pass filtered sensor output as representative of a global
deformation of the rolling element bearing indicative of the
dynamic contribution. The first cut-off frequency, the second
cut-off frequency and the third cut-off frequency are sub-
stantially lower than the ball-pass frequency.

Accordingly, the invention can be commercially exploited
as software for programming a general-purpose computer to
determine the mechanical load under control of the defor-
mation as sensed.

In an embodiment of the software the sensor system
comprises a first sensor and a second sensor, different from
the first sensor. The first sensor supplies a first sensor signal
and the second sensor supplies a second sensor signal. The
sensor output comprises the first sensor signal and the
second sensor signal. The first sensor signal is processed by
the second instructions and the second sensor signal is
processed by the first instructions.

In a further embodiment of the software, the sensor
system comprises a sensor for supply of a sensor signal. The
sensor output comprises the sensor signal. The sensor signal
is processed by the first instructions and by the second
instructions.

Advantages of supplying one or more sensor signals to the
first signal processing path and one or more other sensor
signals to the second signal processing path have been
discussed briefly above. Advantages of supplying one or
more sensor signals to both the first signal processing path
and the second signal processing path have been mentioned
above as well.

A further embodiment of the software comprises eighth
instructions for receiving a speed signal representative of a
ball-pass frequency of the rolling element bearing; and ninth
instructions for control of the first cut-off frequency, the
second cut-off frequency and the third high cut-off fre-
quency in dependence on the ball-pass frequency. An advan-
tage of the dependency of the cut-off frequencies on the
rotating speed has been explained above.

The invention further relates to a method of determining
a mechanical load on a rolling element bearing. The rolling
element bearing comprises an inner ring, an outer ring and
a plurality of rolling elements accommodated between the
inner ring and the outer ring. The method comprises: sensing
a local deformation of at least a particular one of the inner
ring and the outer ring at least a specific location on the
particular one of the inner ring and the outer ring for
generating a sensor output representative of the sensing; and
determining the mechanical load on the rolling element
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bearing in dependence on the sensor output when the inner
ring and the outer ring are coaxially rotating relative to one
another. The determining of the mechanical load comprises
processing the sensor output for determining an average
contribution to the mechanical load; processing the sensor
output for determining a dynamic contribution to the
mechanical load; and linearly combining the average con-
tribution and the dynamic contribution. The determining of
the average contribution comprises low-pass filtering the
sensor output with a first cut-off frequency; and processing
the low-pass filtered sensor output as representative of the
local deformation induced by a passing of the rolling ele-
ments past the specific location so as to determine the
average contribution indicative of a low-frequency variation
in the local deformation. The determining, of the dynamic
contribution comprises band-pass filtering the sensor output
with a second cut-off frequency, substantially equal to the
first cut-off frequency, and with a third cut-off frequency
higher than the second cut-off frequency; and processing the
band-pass filtered sensor output as representative of a global
deformation of the rolling element bearing indicative of the
dynamic contribution. The first cut-off frequency, the second
cut-off frequency and the third cut-off frequency are sub-
stantially lower than the ball-pass frequency.

In an embodiment of the method in the invention, the
sensor system comprises a first sensor and a second sensor,
different from the first sensor. The first sensor supplies a first
sensor signal and the second sensor supplies a second sensor
signal. The sensor output comprises the first sensor signal
and the second sensor signal. The processing of the sensor
output for determining the average contribution comprises
processing the second sensor signal, and the processing of
the sensor output for determining the dynamic contribution
comprises processing the first sensor signal.

In a further embodiment of the method, the sensor system
comprises a sensor for supply of a sensor signal. The sensor
output comprises the sensor signal. The processing of the
sensor output for determining the average contribution com-
prises processing the first sensor signal and second sensor
signal. The processing of the sensor output for determining
the dynamic contribution comprises processing the first
sensor signal and the second sensor signal. A context for
these embodiments has been given above.

A further embodiment of the method of the invention
comprises receiving a speed signal representative of a ball-
pass frequency of the rolling element bearing, and control-
ling of the first cut-off frequency, the second cut-off fre-
quency and the third high cut-off frequency in dependence
on the ball-pass frequency. An advantage of the dependence
of the cut-off frequencies on the rotating speed has been
discussed above.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is explained in further detail, by way of
example and with reference to the accompanying drawing,
wherein:

FIG. 1 is a block diagram of a machine in the invention;

FIG. 2 is a block diagram of an implementation of a load
determining system in the invention;

FIG. 3 shows examples of gain-frequency diagrams foe
the filtering operations in the invention; and

FIG. 4 is a diagram of another implementation of a load
determining system in the invention.
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Throughout the Figures, similar or corresponding features
are indicated by same reference numerals.

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 1 is a diagram of a machine 100 that comprises a
rolling element bearing 102, a sensor system and a load
determining system 126. The bearing 102 is installed as a
functional part the machine 100 that is, e.g., a vehicle, a
wind turbine, a piece of industrial equipment, an elevator,
etc. For example, the rolling element bearing 102 is mounted
0 as to maintain a position of a shaft relative to a housing,
while enabling the shaft to rotate freely around its axis with
respect to the housing. In order to not obscure the drawing,
the other parts of the machine 100 have not been drawn.

The rolling element bearing 102 comprises an inner ring
104 and an outer ring 106 that are positioned coaxially. The
rolling element bearing 102 further comprises a plurality of
rolling elements located between the inner ring 104 and the
outer ring 106. In order to not obscure the drawing, only a
single one of the plurality of the rolling elements has been
indicated with a reference numeral 108. The plurality of
rolling elements is typically accommodated in a so-called
cage (not shown) that is configured for holding the rolling
elements in position relative to one another. In operational
use of the rolling element bearing 102, the inner ring 104 is
mounted so as to be stationary with respect to a first physical
part (not shown) of the piece of machinery, e.g., a shaft, and
the outer ring 106 is mounted so as to be stationary with
respect to a second physical part (not shown) of the piece of
machinery, e.g., a housing of a device for driving the shaft,
such as an engine or an electric motor. The plurality of
rolling elements enables the inner ring 104 and, therefore,
the first physical part, to freely rotate relative to the outer
ring 106 around their common axis and, therefore relative to
the second physical part.

In operational use of the machine 100, the rolling element
bearing 102 is subjected to a mechanical load, i.e., to forces
and/or torques applied to the rolling element bearing 102 via
the first and second physical components. The applied forces
or torques locally affect the equilibrium distance between
the atoms or molecules making up each of the inner ring 104,
the outer ring 106 and the plurality of rolling elements of the
rolling element bearing 102. The rolling element bearing
102 deforms until the inter-molecular or inter-atomic forces
are large enough to resist the applied forces or torques. If the
applied forces and torques are such, that the inner ring 104,
the outer ring 106 and the rolling elements, among which
rolling element 108, assume their original shape after the
applied forces and torques are removed, the deformation is
referred to as an elastic deformation.

The load sensing system 126 is configured for determin-
ing a mechanical load on the rolling element bearing 102 on
the basis of sensing the elastic deformation of the rolling
element bearing 102, e.g., the elastic deformation of the
inner ring 104 and/or of the outer ring 106.

The deformation, or: strain, of the rolling element bearing
102 can be determined, e.g., by means of strain sensors, such
as strain gauges. It is known how to derive information
about the mechanical load from the measured strain. See,
e.g., U.S. Pat. Nos. 7,444,888 and 7,389,701, referred to
above. In the machine 100, the rolling element bearing 102
is provided with a sensor system. The sensor system com-
prises, e.g., a first strain sensor 110, a second strain sensor
112, a third strain sensor 114, a fourth strain sensor 116, a
fifth strain sensor 118, a sixth strain sensor 120, a seventh
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strain sensor 122 and an eighth strain sensor 124. In the
example shown, the outer ring 106 is stationary with respect
to a housing of the rolling element bearing 102. The plurality
of strain sensors is therefore accommodated at the outer
surface of the outer ring 106 so as to be able to connect the
plurality of strain sensors via wires (not show) to the load
determining system 126. Where on the inner ring 104 and/or
the outer ring 106 to mount the first strain sensor 110, the
second strain sensor 112, the third strain sensor 114, the
fourth strain sensor 116, the fifth strain sensor 118, the sixth
strain sensor 120, the seventh strain sensor 122 and the
eighth strain sensor 124 is a matter of design choice.

In operational use of the machine 100, the first strain
sensor 110 supplies a first sensor signal S110, the second
strain sensor 112 supplies a second sensor signal S112, the
third strain sensor 114 supplies a third sensor signal S114,
the fourth strain sensor 116 supplies a fourth sensor signal
S116, the fifth strain sensor 118 supplies a fifth sensor signal
S118, the sixth strain sensor 120 supplies a sixth sensor
signal S120, the seventh strain sensor 122 supplies a seventh
sensor signal S122 and the eighth strain sensor 124 supplies
an eighth sensor signal S124.

In the invention, the mechanical load on the rolling
element bearing 102 is determined from the deformation of
the rolling element bearing 102 as follows.

The local deformation caused by the rolling contact forces
that the rolling elements exert is used to determine an
average contribution to the mechanical load in order to
average out the effect on the deformation as a result of the
spread in diameter of the rolling elements of the rolling
element bearing 102. The rolling contact forces are the
forces exerted by the rolling elements on the inner ring 104
and on the outer ring 106. A deformation sensor at a specific
location on the inner ring 104 or the outer ring 106 will
register a temporal deformation pattern that is more or less
repeated with the passing of the rolling elements. In the
configuration of the example shown, the deformation caused
by the rolling contact forces is registered at the outer ring
106. An amplitude of the repetitive deformation as regis-
tered by the deformation sensor is representative of the load
on the rolling element bearing 102. The amplitude registered
at the location of the deformation sensor is averaged over a
number of passings of the rolling elements.

On the other hand, the global deformation of the rolling
element bearing 102 is determined in order to calculate a
dynamic contribution to the mechanical load. The dynamic
contribution takes into account the variations of the
mechanical load on the relevant time-scales that have been
omitted from the average contribution as a result of the
averaging operation on the local amplitudes registered. The
total mechanical load is the sum of the average contribution
and the dynamic contribution.

To explain this is more detail, reference is now made to
FIG. 2. FIG. 2 is a block diagram of the load determining
system 126 in the machine 100.

Average Load

The average contribution to the load, measured at least at
one specific location at the inner ring 104 or the outer ring
106, is determined as follows. The impact of each individual
one of the rolling elements of the rolling element bearing
102 causes local deformation at a specific location at the
inner ring 104 or at the outer ring 106, when the individual
rolling element passes the specific location. A specific one of
the plurality of strain sensors accommodated at this specific
location senses the local deformation. This temporal and
spatial character of the deformation is determined by the
mechanical load carried by the rolling element bearing 102,
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by the speed at which the cage revolves and by the number
of the rolling elements in the cage.

The speed of revolution of the cage is representative of the
ball-pass frequency. The local deformation has a temporal
repetitive pattern as a result of the repetitive passing of the
rolling elements. The amplitude of the repetitive sensor
signal supplied by the specific strain sensor is considered
proportional to the force on the rolling element of the rolling
element bearing 102 that passes the specific location of the
specific one of the plurality of sensors. Combining the
individual force vectors as measured by individual ones of
the deformation sensors results in the total force on the
rolling element bearing 102.

In the example shown, the second sensor signal S112, the
third sensor signal S114 and the fourth sensor signal S116
are involved in determining the average contribution. To this
end, the second sensor signal S112, the third sensor signal
S114 and the fourth sensor signal S116 are supplied to a first
signal processing path 242 for being processed as follows.
The second sensor signal S112 is supplied to a first high-pass
filter 202 to remove the DC component from the second
sensor signal S112. An output of the first high-pass filter 202
is connected to a first amplifier 204 for amplifying the
high-pass filtered second sensor signal S112. An output of
the first amplifier 204 is connected to a first rectifier 206 in
order to rectify the amplified and high-pass filtered second
sensor signal S112. The first rectifier 206 comprises, e.g., a
full-wave rectifier. The first rectifier 206 converts the ampli-
fied and high-pass filtered second sensor signal S112 to a
waveform of constant polarity. The amplitude of the wave-
form of constant polarity is proportional to the load on the
passing rolling element. An output of the first rectifier 206
is connected to a first low-pass filter 208. The first low-pass
filter 208 acts as an integrator for determining an average
value or the root-mean-square (rms) value of the amplitude.
The integration is conducted over a time-period of, e.g., a
second if the rolling element bearing 102 is running at a few
hundred revolutions per minute (RPM). That is, the low-pass
cut-off frequency of the first low-pass filter 208 is about 1 Hz
at that speed. An output of the first low-pass filter 208 is
connected to a first input of a first signal processor 226.

Similarly, the third sensor signal S114 is supplied to the
first signal processor 226 via a cascade of a second high-pass
filter 210, a second amplifier 212, a second rectifier 214 and
a second low-pass filter 216; and the fourth sensor signal
S116 is supplied to the first signal processor 226 via a
cascade of a third high-pass filter 218, a third amplifier 220,
a third rectifier 222 and a third low-pass filter 224. An output
of the second low-pass filter 216 and an output of the third
low-pass filter 224 are connected to a second input and a
third input, respectively, of the first signal processor 226.
The cut-off frequency of the second low-pass filter 216 and
the cut-off frequency of the third low-pass filter 224 are each
substantially equal to the cut-off frequency of the first
low-pass filter 208.

The first signal processor 226 determines the force on the
rolling element bearing 102 at the location of the second
strain sensor 112, the force on the rolling element bearing
102 at the location of the third strain sensor 114 and the force
on the rolling element bearing 102 at the location of the
fourth strain sensor 116. The first signal processor 226 then
determines the vector sum of the individual forces thus
determined and outputs a signal indicative of the total
average force. It is well known in the art how to determine
the forces from the strain resulting from rolling contact
forces, see, e.g., SKF Ball Bearing Journal, Vol. 225, 1985,
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pp 19-25 or SKF Ball Bearing Journal Vol. 240, 1992, pp.
2-9, and U.S. Pat. No. 7,444,888 discussed above.

In determining the average contribution to the load on the
rolling element bearing 102, the low-pass filtering, as per-
formed by the first low-pass filter 208, the second low-pass
filter 216 and the third low-pass filter 224, causes the
amplitudes of the rectified wave patterns to average out, in
order to remove high-frequency contributions stemming
from, e.g., among other things, the spread in the diameter of
the rolling elements as discussed earlier.

In case the speed, at which the rolling element bearing
102 is running, varies in operational use of the machine 100,
the speed or the ball-pass frequency is then used to tune the
cut-off frequencies of the first low-pass filter 208, the second
low-pass filter 216 and the third low-pass filter 224. Thus, it
is ensured that the averaging of the amplitudes, carried out
in the first low-pass filter 208, the second low-pass filter 216
and the third low-pass filter 224, is performed over at least
one complete revolution of the cage past the locations of the
second strain sensor 112, the third strain sensor 114 and the
fourth strain sensor 116.

Dynamic Load

The above procedure to determine the average contribu-
tion to the load on the rolling element bearing 102 is based
on sensing the local deformation as a result of the rolling
contact forces. However, the above procedure limits the
bandwidth of the sensor signals S112, S114 and S116 and
ignores the dynamic changes in the load with frequencies
above the low-pass cut-off frequency of the first low-pass
filter 208, of the second low-pass filter 216 and of the third
low-pass filter 224. The contribution to the load on the
rolling element bearing 102 in the frequency range beyond
the low-pass cut-off frequency is now referred to as the
dynamic contribution.

Another way is now considered to determine the load on
the rolling element bearing 102. Another procedure is now
used, based on sensing the strain, in order to determine the
global deformation of the rolling element bearing 102, e.g.,
as disclosed in U.S. Pat. No. 7,389,701 discussed above.
This other procedure considered here is based on deriving
the forces on the rolling element bearing by analyzing the
deformation of the inner ring 104 and/or of the outer ring
106 as a whole.

This other procedure, however, preferably distinguishes
global deformation driven by a mechanical load on the
rolling element bearing 102 from global deformation, driven
by a thermal load on the rolling element bearing 102. Forces
exerted on a physical object cause the physical object to be
subjected to local compressions and/or local expansions that
give rise to a global deformation of the physical object with
respect to the shape of the physical object in a reference
state. Similarly, a temperature gradient within the physical
object or a change in temperature of the physical object
cause local thermal expansion and/or local thermal contrac-
tion, that produce global deformation of the physical object
with respect to a reference state of the physical object.

An important factor that determines the thermal load on
the rolling element bearing 102 in operational use is the heat
generated by the friction that occurs in the zone of the inner
ring 104 and/or the outer ring 106 that is being subjected to
the mechanical load.

In a practical context of using the invention, the global
deformation of the rolling element bearing 102 as a result of
a thermal load is a low-frequency effect. That is, the global
deformation as a result of applying a thermal load is char-
acterized by a timescale of, say, many seconds, e.g., 10 or 20
seconds. This timescale depends on the material properties
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of'the inner ring 104 and the outer ring 106. For example, the
rate at which heat is conducted through the inner ring 104 or
through the outer ring 106 is determined by the thermal
conductivity of the material of the inner ring 104 and of the
outer ring 106.

The low-frequency character of the thermal load effects
suggests that these thermal load effects can be removed from
the time-varying global deformation by means of applying a
high-pass filter to the sensor signals that are used to deter-
mine the global deformation.

In the example of the signal processing system 126
illustrated in FIG. 2, the second sensor signal S112, the third
sensor signal S114 and the fourth sensor signal S116 are
processed to determine the average contribution to the
mechanical load on the rolling element bearing 102, as
discussed above. The first sensor signal S110, the fifth sensor
signal S118, the sixth sensor signal S120, the seventh sensor
signal S122 and the eighth sensor signal S124 are supplied
to a second signal processing path 244 for being processed
to determine the dynamic contribution to the mechanical
load. This approach is viable if, for example, the second
strain sensor 112, the third strain sensor 114 and the fourth
strain sensor 116 each have a configuration that is different
from the one of the first strain sensor 110, the fifth strain
sensor 118, the sixth strain sensor 120, the seventh strain
sensor 122 and the eighth strain sensor 124. For example, the
second strain sensor 112, the third strain sensor 114 and the
fourth strain sensor 116 are configured to sense the rapidly
fluctuating deformation in a relatively small area, the defor-
mation being driven by the passing of the individual ones of
the rolling elements. On the other hand, the first strain sensor
110, the fifth strain sensor 118, the sixth strain sensor 120,
the seventh strain sensor 122 and the eighth strain sensor 124
are configured to sense the global deformation of the inner
ring and/or the outer ring and may be sensing the strain in
a larger area to benefit from the aggregate effect of local
deformations.

If, however, the configuration of the plurality of strain
sensors is uniform, the first sensor signal S110, the second
sensor signal S112, the third sensor signal S114, the fourth
sensor signal S116, the fifth sensor signal S118, the sixth
sensor signal S120, the seventh sensor signal S122 and the
eighth sensor signal S124 can be used to determine both the
average contribution to the load as well as the dynamic
contribution to the load, depending on the way wherein the
sensor signals are processed.

In the example shown in FIG. 2, the first sensor signal
S110, the fifth sensor signal S118, the sixth sensor signal
S120, the seventh sensor signal S122 and the eighth sensor
signal S124 are used to determine the dynamic contribution
to the load on the rolling element bearing 102. The first
sensor signal S110 is band-pass filtered in a first band-pass
filter 228. The lower cut-off frequency of the first band-pass
filter 228 is substantially equal to the cut-off frequency of
each of the first low-pass filter 208, the second low-pass
filter 216 and the third low-pass filter 224. This ensures that
the average contribution to the load and the dynamic con-
tribution to the load, in a frequency range which contains the
cut-off frequency, common to the first low-pass filter 208,
the second low-pass filter 216, the third low-pass filter 224
and the first band-pass filter 228, can be summed without
introducing severe errors as a result of duplicating or omit-
ting contributions to the total load falling within this fre-
quency range. The lower cut-off frequency of the first
band-pass filter 228 also implies that contributions to a
global deformation of the rolling element bearing as a result
of thermal expansion, such as caused by friction, as thermal
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effects have a characteristic timescale of many seconds. The
higher cut-off frequency of the first band-pass filter 228 is
substantially lower than the ball-pass frequency in opera-
tional use of the rolling element bearing.

Similarly, the fifth sensor signal S118 is band-pass filtered
in a second band-pass filter 230. The lower cut-off frequency
of the second band-pass filter 230 is substantially equal to
the lower cut-off frequency of the first band-pass filter 228.
The sixth sensor signal S120 is band-pass filtered in a third
band-pass filter 232. The lower cut-off frequency of the third
band-pass filter 232 is substantially equal to the lower cut-off
frequency of the first band-pass filter 228. The seventh
sensor signal S122 is band-pass filtered in a fourth band-pass
filter 234. The lower cut-off frequency of the fourth band-
pass filter 234 is substantially equal to the lower cut-off
frequency of the first band-pass filter 228. The eighth sensor
signal S124 is band-pass filtered in a fifth band-pass filter
236. The lower cut-off frequency of the fifth band-pass filter
236 is substantially equal to the lower cut-off frequency of
the first band-pass filter 228.

The lower cut-off frequency of the first band-pass filter
228 brings about the removal of the signal components of
the first sensor signal S110 that lie in the frequency range
taken already into account in the determining of the average
contribution. This removal ensures that the average contri-
bution to the load and the dynamic contribution to the load,
in a frequency range which contains the common cut-off
frequency, can be summed without introducing severe errors
as a result of duplicating or omitting contributions falling
within this frequency range. The lower-cut-off frequency of
the first band-pass filter 228 also causes removal of the
contribution to a global deformation of the rolling element
bearing 102 as a result of thermal expansion or thermal
contraction, such as caused by friction. Such thermal effects
have a characteristic timescale of many seconds. Also, the
first sensor signal S110 needs to be filtered so as to remove
the signal components with frequencies in the order of the
ball-pass frequency and above. Accordingly, a higher cut-off
frequency of the first band-pass filter 228 is chosen to be
well lower than the ball-pass frequency, in order to remove
the latter signal components. The higher cut-off frequency of
the first band-pass filter 228 is taken as, e.g., 10 Hz in above
example relating to the suspension system of the wheeled
vehicle.

Similarly, the fifth sensor signal S118 is band-pass filtered
in a second band-pass filter 230. The second band-pass filter
230 has a lower cut-off frequency substantially equal to the
lower cut-off frequency of the first band-pass filter 228, and
a higher cut-off frequency substantially equal to the higher
cut-off frequency of the first band-pass filter 228. The sixth
sensor signal S120 is band-pass filtered in a third band-pass
filter 232. The third band-pass filter 232 has a lower cut-off
frequency substantially equal to the lower cut-off frequency
of the first band-pass filter 228, and a higher cut-off fre-
quency substantially equal to the higher cut-off frequency of
the first band-pass filter 228. The seventh sensor signal S122
is band-pass filtered in a fourth band-pass filter 234. The
fourth band-pass filter 234 has a lower cut-off frequency
substantially equal to the lower cut-off frequency of the first
band-pass filter 228, and a higher cut-off frequency substan-
tially equal to the higher cut-off frequency of the first
band-pass filter 228. The eighth sensor signal S124 is
band-pass filtered in a fifth band-pass filter 234. The fifth
band-pass filter 234 has a lower cut-off frequency substan-
tially equal to the lower cut-off frequency of the first
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band-pass filter 228, and a higher cut-off frequency substan-
tially equal to the higher cut-off frequency of the first
band-pass filter 228.

The first band-pass filter 228, the second band-pass filter
230, the third band-pass filter 232, the fourth band-pass filter
232 and the fifth band-pass filter 234 have a respective
output connected to a second signal processor 238. The
second signal processor 238 determines the dynamic con-
tribution to the total load on the rolling element bearing 102
from the input signals received: the band-pass filtered first
sensor S110, the band-pass filtered fifth signal S118, the
band-pass filtered sixth signal S120, the band-pass filtered
seventh signal S122 and the band-pass filtered eight signal
S124. The second signal processor 238 determines the
global deformation of the rolling element bearing 102 from
the input signals received, and then determines the dynamic
contribution to the total load from the global deformation. A
method to accomplish this has been described in, e.g., U.S.
Pat. No. 7,389,701, discussed above.

In case the speed, at which the rolling element bearing
102 is running, varies in operational use of the machine 100,
the cut-off frequencies of the first band-filter 228, the second
band-pass filter 230, the third band-pass filter 232, the fourth
band-pass filter 234 and the fifth band-pass filter 236 are
controlled in dependence on the ball-pass frequency. Thus,
the lower cut-off frequencies of the first band-filter 228, the
second band-pass filter 230, the third band-pass filter 232,
the fourth band-pass filter 234 and the fifth band-pass filter
236 remain substantially identical to the cut-off frequencies
of'the first low-pass filter 208, the second low-pass filter 216
and the third low-pass filter 224. Likewise, control of the
higher cut-off frequencies of the first band-filter 228, the
second band-pass filter 230, the third band-pass filter 232,
the fourth band-pass filter 234 and the fifth band-pass filter
236 in dependence on the speed, ensures that the higher
cut-off frequencies remain well below the ball-pass fre-
quency.

Total Load

The total load is now the combination of the average
contribution, as determined by the first signal processor 226,
and the dynamic contribution, as determined by the second
signal processor 238. A first output of the first signal
processor 226 and a second output of the second signal
processor 238 are connected to a summing component 240
for linearly combining the average contribution and the
dynamic contribution to give the total load on the rolling
element bearing 102.

Cut-Off Frequencies

Reference is now made to FIG. 3. FIG. 3 is a diagram
showing an example of a gain-frequency response 302 of a
low-pass filter, being any of the first low-pass filter 208, the
second low-pass filter 216 and the third low-pass filter 224.
The low-pass filter of the example is a passive filter and has
a first cut-off frequency F(1), usually defined as the fre-
quency of the low-pass filter at which the gain has dropped
by 3 dB with respect to the unit nominal gain. FIG. 3 also
shows an example of a gain-frequency response 304 of a
band-pass filter, being any of the first band-pass filter 228,
the second band-pass filter 230, the third band-pass filter
232, the fourth band-pass filter 234 and the fifth band-pass
filter 236. The band-pass filter of the example is a passive
filter and has a second cut-off frequency F(2) and a third
cut-off frequency F(3). The second cut-off frequency F(2)
indicates the frequency, at which the gain has dropped to a
level of 3 dB below the unity gain with decreasing values of
the frequency. The third cut-off frequency F(3) indicates the
frequency, at which the gain has dropped to a level of 3 dB
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below the unity gain with increasing values of the frequency.
In the invention, the first cut-off frequency F(1) of the
low-pass filter is set to be substantially equal to the second
cut-off frequency F(2) of the band-pass filter. The second
cut-off frequency F(2) is lower than the third cut-off fre-
quency F(3). The third cut-off frequency is set to be sub-
stantially lower than the ball-pass frequency BPF, as
explained above. In case the ball-pass frequency BPF varies
in operational use of the rolling element bearing 102, the
first cut-off frequency F(1), the second cut-off frequency
F(2) and the third cut-off frequency F(3) are made dependent
on the ball-pass frequency BPF, as explained above.

Each respective one of the first band-pass filter 228, the
second band-pass filter 230, the third band-pass filter 232,
the fourth band-pass filter 234 and the fifth band-pass filter
236 can be implemented using a combination of a respective
further low-pass filter, having a low-pass cut-off frequency,
followed by a respective further high-pass filter, having a
high-pass cut-off frequency. The high-pass cut-off frequency
of each respective further high-pass filter is then made equal
to the low-pass cut-off frequency of each of the first low-
pass filter 208, the second low-pass filter 216 and the third
low-pass filter 224. Note that a specific high-pass filter can
be implemented by a transfer function of unity minus a
transfer function of a specific low-pass filter. The sum of the
transfer function of the specific high-pass filter and the
transfer function of the specific low-pass filter is unity. The
specific high-pass filter and the specific low-pass filter form
then a pair of so-called complementary filters.
Implementations

The first signal processor 226 and the second signal
processor 238 can be implemented in a variety of manners.
For example, the first signal processor 226 and the second
signal processor 238 are implemented as dedicated pieces of
hardware, e.g., dedicated electronic circuits, designed for
use with a specific type of rolling element bearing 102 or for
specific applications. Different types of rolling element
bearing 102 may deform differently under the same load.
The first signal processor 226 and the second signal proces-
sor 238 process their input signals according to the specific
manner wherein a specific type of rolling element bearing
102 deforms. Similarly, use of a specific type of rolling
element bearing 102 in different applications may give rise
to different loads. The processing by the first signal proces-
sor 226 and the second signal processor 238 may then have
been tailored to the specific load range anticipated.

Alternatively, at least one of the first signal processor 226
and the second signal processor 238 is programmable, e.g.,
by the end-user, with regard to the specific type of rolling
element bearing 102, whose deformation is to be processed
in order to obtain the load on the rolling element bearing
102, and/or to a specific load range.

Alternatively, the first signal processor 226, the second
signal processor 238 and the summing component 240 are
physically formed by a single signal processor, e.g., tailored
to a specific type of rolling element bearing 102 and/or to a
specific load range, or programmable for use with a range of
different types of rolling element bearing 102 and/or with
different load ranges.

Alternatively, at least one of the first signal processor 226,
the second signal processor 238 and the summing compo-
nent 240 is implemented in software stored on a computer-
readable medium and running on a general-purpose com-
puter. Furthermore, the operations carried out by one or
more of the following components could as well be imple-
mented in software running on a general purpose computer:
the first high-pass filter 202, the second high-pass filter 210,
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the third high-pas filter 218, the first amplifier 204, the
second amplifier 212, the third amplifier 220, the first
rectifier 206, the second rectifier 214, the third rectifier 222,
the first low-pass filter 208, the second low-pass filter 216,
the third low-pass filter 224, the first band-pass filter 228, the
second band-pass filter 230, the third band-pass filter 232,
the fourth band-pass filter 234 and the sixth band-pass filter
236.

FIG. 4 is a diagram of another implementation example of
the load determining system 126. It is assumed here that the
first sensor signal S110, the second sensor signal S112, the
third sensor signal S114, the fourth sensor signal S116, the
fifth sensor signal S118, the sixth sensor signal S120, the
seventh sensor signal S122 and the eighth sensor signal
S124 have been sampled with a clock frequency of, e.g., 1
kHz and have been converted to digital values. The sampled
and digitized versions of the first sensor signal S110, the
second sensor signal S112, the third sensor signal S114, the
fourth sensor signal S116, the fifth sensor signal S118, the
sixth sensor signal S120, the seventh sensor signal S122 and
the eighth sensor signal S124 are the components of a sensor
signal vector S. The sensor signal vector S is supplied to a
first signal processing path 402 and to a second signal
processing path 404.

The first signal processing path 402 comprises the opera-
tions involved in sensing the dynamic contribution to the
load, using demodulation based on the ball-pass frequency
and considering local deformations of the rolling element
bearing 102 as a result of a passing rolling element. The
ball-pass frequency is a measure of the number of revolu-
tions per minute (RPM) of the rolling element bearing 102.
The second signal processing path 404 comprises the opera-
tions involved in sensing the dynamic contribution to the
load based on deriving the forces from the global deforma-
tion of the rolling element bearing 102.

The first signal processing path 402 comprises a first
block 406 wherein samples of each individual one of the
components of the sensor signal vector S are subjected to a
band-pass filter operation. The samples of different compo-
nents of the sensor signal vector S may be band-pass filtered
in parallel or, alternatively, be subjected to a digital band-
pass filter one after the other at a rate high enough compared
to the sample rate of 1 kHz in the example above. The
band-pass filter operation in the first block 406 is performed
with a band-pass filter around the ball-pass frequency so as
to extract the signal components of the sensor signal vector
S relevant to the local deformation of the rolling element
bearing 102 induced by the passing of each specific one of
the rolling elements. After the components of the sensor
signal vector S have been band-pass filtered in the first block
406, the components are subjected in a second block 408 to
an averaging decimator operation in order to reduce the
number of samples. For example, the average, e.g., the
root-mean-square (RMS), per component of the sensor sig-
nal vector S is determined over, say, 50 temporally consecu-
tive samples of the component as sensed. The averaging-
decimated samples are supplied to a third block 410 wherein
a low-pass filter is applied to the averaging-decimated
samples using the cut-off frequency of 1 Hz in a scenario
wherein the rolling element bearing 102 is running at a few
hundred revolutions per minute (RPM), as discussed above
with respect to the first low-pass filter 208, the second
low-pass filter 216 and the third low-pass filter 224. The thus
low-pass filtered samples are supplied to a fourth block 412.

The fourth block 412 calculates the average contribution
to the forces on the basis of the samples supplied by the third
block 410, representative of all components of the sensor
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signal vector S. In the example of FIG. 4, the samples
represent the sensor signals from all strain gauges, i.e., the
first sensor signal S110 from the first strain sensor 110, the
second sensor signal S122 from the second strain sensor 112,
the third sensor signal S114 from the third strain sensor 114,
the fourth sensor signal S116 from the fourth strain sensor
116, the fifth sensor signal S118 from the fifth strain sensor
118, the sixth sensor signal S120 from the sixth strain sensor
120, the seventh sensor signal S122 from the seventh strain
sensor 122 and the eighth sensor signal S124 from the eighth
strain sensor 124. Note that each of the first sensor signal
S110, the second sensor signal S112, the third sensor signal
S114, the fourth sensor signal S116, the fifth sensor signal
S118, the sixth sensor signal S120, the seventh sensor signal
S122 and the eighth sensor signal S124 is representative of
a respective displacement or strain as sensed. Within a linear
approach, forces and strains are related through a stiffness
matrix. The fourth block 412 then performs the matrix
multiplication and produces a quantity representative of the
average contribution to the force experienced by the rolling
element bearing 102 at the relevant moment.

Generally, however, a non-linear relationship exists
between, on the one hand, the average contribution to the
force on the rolling element bearing 102 and, on the other
hand the strains as represented by the first sensor signal
S110, the second sensor signal S112, the third sensor signal
S114, the fourth sensor signal S116, the fifth sensor signal
S118, the sixth sensor signal S120, the seventh sensor signal
S122 and the eighth sensor signal S124. Accordingly, a
polynomial approach may be applied, wherein the average
force on the rolling element bearing 102 is expressed as a
linear combination of vectors, wherein the k-th component
of the n-th vector has the value of the k-th sensor signal as
supplied by the third block 410 and raised to the n-th power.
To clarify this, the following notation is introduced. The
average contribution to the total force exerted on the rolling
element bearing 102 at a moment t is denoted by the vector
F,. . (t) and the k-th vector component of the vector F ., (t)
is denoted by I, ; (D). The value of the i-th one of the first
sensor signal S110, the second sensor signal S112, the third
sensor signal S114, the fourth sensor signal S116, the fifth
sensor signal S118, the sixth sensor signal S120, the seventh
sensor signal S122 and the eighth sensor signal S124, as
supplied by the third block 410 at the moment t is denoted
by y,(t). Then, F (t) is expressed as:

ave, k
F e i =Z 2,0 gy [V, (O],

wherein the coeflicients ag,,,, represent the respective
weighting factors. Accordingly, the first two terms of above
linear combination give then:

Fave,k(l)zxja(kjl).[)/'j'(l)]+2ja(lxy'2).[)/'j'(l)]2

The band-pass filtering in the first block 406 is preferably
made dependent on the rotation speed of the rolling element
bearing 102 so as to be able to extract the information about
the locally induced deformation in a scenario wherein the
rotation speed varies.

The samples of the sensor signal vector S are also
supplied to the second signal processing path 404. The
second signal processing path 404 comprises a fifth block
414, wherein the components of the sensor signal vector S
are subjected to a low-pass filtering operation with a cut-off
frequency of 10 Hz. This removes the frequencies in the
range of the ball-pass frequency that have already been
taken into account at the first block 406 in the first signal
processing path 402. The thus low-pass filtered samples are
supplied from the fifth block 414 to a sixth block 416. The
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sixth block 416 subjects the received samples to an averag-
ing decimator operation in order to reduce the number of
samples. For example, the average, e.g., the root-mean-
square (RMS), per component of the sensor signal vector S
is determined over, say, 50 temporally consecutive samples
of the component as sensed. This averaging decimator
operation at the sixth block 416 is similar to the one carried
out at the second block 408 in the first signal processing path
402. The sixth block 416 supplies the averaging-decimated
samples to a seventh block 418. The seventh block 418
implements a high-pass filtering operation with a cut-off
frequency of 1 Hz. The cut-off frequency of the high-pass
filtering operation is the same as the cut-off frequency of the
low-pass filtering operation in the third block 410 of the first
signal processing path 402. The high-pass filtering operation
in the seventh block 418 is implemented in a specific
manner.

The high-pass filtering operation of the seventh block 418
is implemented by means of a subtractor 420. The subtractor
420 subtracts from the averaging-decimated samples, as
received from the sixth block 416, low-pass filtered versions
of the averaging-decimated samples. That is, the high-pass
filtering in the seventh block 418 is implemented by sup-
plying the averaging-decimated samples in parallel to the
subtractor 420 and to a low-pass filter 422 and by subtracting
the low-pass filtered, averaging-decimated samples from the
averaging-decimated samples. The low-pass filtering opera-
tion at low-pass filter 422 is the same operation as the
low-pass filtering operation in the third block 410 of the first
signal processing path 402. Note that the presence of the
low-pass filtering in the third block 410 of the first signal
processing path 402 gives rise to a relatively slowly
responding average contribution to the total force. The
slowly responding part is removed from the samples pro-
cessed in the second signal processing path 404. The
samples supplied by the seventh block 418 now represent
the transient phenomena and effectively mimic a contribu-
tion to the total force that is the complement to the average
contribution. This complementary contribution represents
the dynamic contribution to the total force.

The dynamic contribution to the total force is calculated
in an eight block 424. Within a linear approach, the forces
and strains are related through a stiffness matrix. The eighth
block 424 then performs the matrix multiplication and
produces a quantity representative of the dynamic contribu-
tion to the force exerted on the rolling element bearing 102
at the relevant moment.

Similarly as discussed with respect to the average contri-
bution to the force of the rolling element bearing 102, a
non-linear relationship generally exists between, on the one
hand, the dynamic contribution to the force on the rolling
element bearing 102 and, on the other hand the strains as
represented by the first sensor signal S110, the second sensor
signal S112, the third sensor signal S114, the fourth sensor
signal S116, the fifth sensor signal S118, the sixth sensor
signal S120, the seventh sensor signal S122 and the eighth
sensor signal S124. Accordingly, a polynomial approach
may be applied, wherein the dynamic force on the rolling
element bearing 102 is expressed as a linear combination of
vectors, wherein the k-th component of the n-th vector has
the value of the k-th sensor signal as supplied by the seventh
block 418 and raised to the n-th power. The dynamic
contribution to the total force exerted on the rolling element
bearing 102 at a moment t is denoted by the vector F ,,,(t)
and the k-th vector component of the vector F,,(t) is
denoted by F,, , (0. The value of the i-th one of the first
sensor signal S110, the second sensor signal S112, the third
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sensor signal S114, the fourth sensor signal S116, the fifth
sensor signal S118, the sixth sensor signal S120, the seventh
sensor signal S122 and the eighth sensor signal S124, as
supplied by the seventh block 418 at the moment t is denoted
by x,(t). Then, F,, , (1) is expressed as:

F 1y il D=Z 2D ooy (%01
wherein the coefficients b, represent the respective

weighting factors. Accordingly, the first two terms of above
linear combination give then:

den,k(l)zij(lg'l)'[99(1)]+2jb(1yz)'[39‘(l)]2

The average contribution F, to the force, as determined
by the fourth block 412, and the dynamic contribution F 4,
to the force, as determined by the eighth block 424, are
combined in an adder 426 so as to determine the total force,
a vector F(t), as experienced by the rolling element bearing
102 at the relevant moment “t”.

The characteristic frequency of deformations of the roll-
ing element bearing 102 as a result of a temperature gradi-
ent, is lower than 1 Hz, i.e., lower than the cut-off frequency
of'the 1 Hz filtering at the third block 410 and at the seventh
block 418. Accordingly, deformations as a result of thermal
effect are largely filtered out.

The invention claimed is:

1. A machine comprising:

a rolling element bearing,

a sensor system, and a load determining system, wherein

the rolling element bearing includes an inner ring, an
outer ring and a plurality of rolling elements accom-
modated between the inner ring and the outer ring;
wherein

the sensor system being configured for sensing a local
deformation of at least a particular one of the inner ring
and the outer ring at at least a specific location on the
particular one of the inner ring and the outer ring, and
for supplying a sensor output representative of the
sensing; wherein

the load determining system being configured for:

receiving the sensor output from the sensor system; and
determining a mechanical load on the rolling element
bearing in dependence on the sensor output, when the
inner ring and the outer ring are coaxially rotating
relative to one another; wherein

the load determining system comprises:

a first signal path configured for processing the sensor
output for determining an average contribution to the
mechanical load;

a second signal path configured for processing the sensor
output for determining a dynamic contribution to the
mechanical load; and a combiner for linearly combin-
ing the average contribution and the dynamic contri-
bution;

the first signal path being configured for:

low-pass filtering the sensor output with a first cut-off
frequency; and processing the low-pass filtered sensor
output as representative of the local deformation
induced by a passing of the rolling elements past the
specific location so as to determine the average contri-
bution indicative of a low-frequency variation in the
local deformation;

the second signal path being configured for:

band-pass filtering the sensor output with a second cut-off
frequency, substantially equal to the first cut-off fre-
quency, and with a third cut-off frequency higher than
the second cut-off frequency; and

10

25

30

35

40

45

50

55

60

65

22

processing the band-pass filtered sensor output as repre-
sentative of a global deformation of the rolling element
bearing indicative of the dynamic contribution; and the
first cut-off frequency, the second cut-off frequency and
the third cut-off frequency are substantially lower than
a ball-pass frequency.

2. The machine according to claim 1, wherein:

the sensor system having a first sensor and a second

sensor, different from the first sensor; wherein

the first sensor supplies a first sensor signal and the second

sensor supplies a second sensor signal; wherein

the sensor output provides the first sensor signal and the

second sensor signal; and wherein

the first sensor signal being supplied to the second signal

path and the second sensor signal is being supplied to
the first signal path.

3. The machine according to claim 1, wherein:

the sensor system includes a sensor for supply of a sensor

signal;

the sensor output provides the sensor signal;

the sensor signal being supplied to the first signal pro-

cessing path and to the second signal processing path.

4. The machine according to claim 1, wherein:

the load determining system has an input for receiving a

speed signal representative of the ball-pass frequency
of the rolling element bearing in operational use of the
machine, and

the load determining system controls the first cut-off

frequency, the second cut-off frequency and the third
high cut-off frequency in dependence on the ball-pass
frequency.

5. A non-transitory computer-readable medium having a
computer program product configured for implementing a
load determining system, wherein:

the load determining system being configured for deter-

mining a mechanical load on a rolling element bearing,

which has

an inner ring,

an outer ring and

a plurality of rolling elements accommodated between
the inner ring and

the outer ring, when the inner ring and the outer ring are

coaxially rotating relative to one another;
the load determining system being operative to determine
the mechanical load under control of a sensor system
configured for sensing a local deformation of at least a
particular one of an inner ring and the outer ring at at
least a specific location on the particular one of the
inner ring and the outer ring and for supplying a sensor
output representative of the sensing;
the non-transitory computer-readable medium comprises:
first instructions for implementing a first signal path
configured for processing the sensor output for deter-
mining an average contribution to the mechanical load;

second instructions for implementing a second signal path
configured for processing the sensor output for deter-
mining a dynamic contribution to the mechanical load;
and

third instructions for implementing a combiner for lin-

early combining the average contribution and the
dynamic contribution;

the first instructions comprise:

fourth instructions for implementing a low-pass filtering

of the sensor output with a first cut-off frequency; and
fifth instructions for implementing a processing of the
low-pass filtered sensor output as representative of the
local deformation induced by a passing of the rolling
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elements past the specific location so as to determine
the average contribution indicative of a low-frequency
variation in the local deformation;
the second instructions comprise:
sixth instructions for implementing a band-pass filtering
of the sensor output with a second cut-off frequency,
substantially equal to the first cut-off frequency, and
with a third cut-off frequency higher than the second
cut-off frequency; and
seventh instructions for implementing a processing of the
band-pass filtered sensor output as representative of a
global deformation of the rolling element bearing
indicative of the dynamic contribution; and
the first cut-off frequency, the second cut-off frequency
and the third cut-off frequency are substantially lower
than a ball-pass frequency.
6. The non-transitory computer-readable medium accord-
ing to claim 5, wherein:
the sensor system provides a first sensor and a second
sensor, different from the first sensor;
the first sensor supplies a first sensor signal and the second
sensor supplies a second sensor signal;
the sensor output includes the first sensor signal and the
second sensor signal;
the first sensor signal being processed by the second
instructions and the second sensor signal being pro-
cessed by the first instructions.
7. The non-transitory computer-readable medium accord-
ing to claim 5, wherein:
the sensor system includes a sensor for supply of a sensor
signal;
the sensor output provides the sensor signal;
the sensor signal being processed by the first instructions
and by the second instructions.
8. The non-transitory computer-readable medium accord-
ing to claim 6, comprising:
eighth instructions for receiving a speed signal represen-
tative of the ball-pass frequency of the rolling element
bearing, and
ninth instructions for control of the first cut-off frequency,
the second cut-off frequency and the third high cut-off
frequency in dependence on the ball-pass frequency.
9. A method of determining a mechanical load on a rolling
element bearing, wherein:
the rolling element bearing having an inner ring, an outer
ring and a plurality of rolling elements accommodated
between the inner ring and the outer ring;
the method comprises:
sensing a local deformation of at least a particular one
of the inner ring and the outer ring at at least a
specific location on the particular one of the inner
ring and the outer ring for generating a sensor output
representative of the sensing; and
determining the mechanical load on the rolling element
bearing in dependence on the sensor output when the
inner ring and the outer ring are coaxially rotating
relative to one another;
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the determining of the mechanical load comprises:
processing the sensor output for determining an average
contribution to the mechanical load;
processing the sensor output for determining a dynamic
contribution to the mechanical load; and
linearly combining the average contribution and the
dynamic contribution; the determining of the aver-
age contribution comprises:
low-pass filtering the sensor output with a first cut-off
frequency; and
processing the low-pass filtered sensor output as repre-
sentative of the local deformation
induced by a passing of the rolling elements past the
specific location so as to determine the average contri-
bution indicative of a low-frequency variation in the
local deformation;
the determining of the dynamic contribution comprises:
band-pass filtering the sensor output with a second
cut-off frequency, substantially equal to the first
cut-off frequency, and with a third cut-off frequency
higher than the second cut-off frequency; and
processing the band-pass filtered sensor output as rep-
resentative of a global deformation of the rolling
element bearing indicative of the dynamic contribu-
tion;
and the first cut-off frequency, the second cut-off fre-
quency and the third cut-off frequency are substantially
lower than a ball-pass frequency.
10. The method according to claim 9, wherein:
the sensor system provides a first sensor and a second
sensor, different from the first sensor;
the first sensor supplies a first sensor signal and the second
sensor supplies a second sensor signal;
the processing of the sensor output for determining the
average
contribution includes processing the second sensor signal;
the processing of the sensor output for determining the
dynamic
contribution having processing the first sensor signal.
11. The method according to claim 9, wherein:
the sensor system provides a sensor for supply of a sensor
signal;
the sensor output includes the sensor signal;
the processing of the sensor output for determining the
average contribution having processing the first sensor
signal and second sensor signal;
the processing of the sensor output for determining the
dynamic contribution includes processing the first sen-
sor signal and the second sensor signal.
12. The method according to claim 9, comprising:
receiving a speed signal representative of the ball-pass
frequency of the rolling element bearing, and
controlling of the first cut-off frequency, the second
cut-off frequency and the third high cut-off fre-
quency in dependence on the ball-pass frequency.
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